Introduction
Nanotechnology is a rapidly growing branch in the field of Science and Engineering that uses the design of novel state-ofthe-art tools in both diagnostics and therapeutics due to inimitable properties of nanomaterials. Among inorganic metals, the unique physicochemical properties of ZnO make it a feasible and exceptionally attractive compound applicable for a variety of nanotechnology applications [1] . The synthesis of variable ZnO nanostructures can be carried out meticulously with great control due to the following features: (i) photonic and piezoelectric properties, (ii) stable polar surface and inimitable chemical qualities of simple crystal-growth technology [2, 3] , (iii) IEP range within 1.7-3.5 [4] , and (iv) high excitonic binding energy of 60 meV [5] . ZnO nanostructures also exhibit significant antibacterial and antifungal properties [6] . Selective toxicity of ZnO nanoparticles against microorganisms makes it an effective antimicrobial agent [7] .
Conventional physical and chemical routes of synthesis of ZnO nanoparticles are expensive; require more labour, and huge space. Great amount of energy generated during the synthesis, raises the environmental temperature around the source material and disposal of large quantities of secondary waste is potentially toxic to all living beings [8] . Whereas biological route of synthesis of nanocomposite with aid of plants is a cost-effective eco-friendly method, with minimal expenditure and no adverse effects. Various phytochemical constituents present in a plant such as flavonoids, phenolics, terpenoids, polysaccharides, aldehydes, amines and proteins, act as reducing and stabilizing agents in the synthesis of nanoparticles [9] . Strychnos nux-vomica is an evergreen tree belonging to family Loganiaceae, mostly seen in an open habitat, native to Southeast Asia and India. It is cultivated commercially in different parts of the world such as United States, European Union, and throughout tropical Asia. It is a central nervous system stimulant; used for treatment of constipation and other stomach disorders, at a low-dose level. The plant is rich in bioactive chemicals, including alkaloids (such as strychnine and brucine) [10] , flavonoids, tannins, saponins, and glycoside that aid in acting as (i) anti-inflammatory, (ii) anti-allergic, (iii) antioxidant, (iv) antidiabetic, (v) antiviral, (vi) anti-cancer, (vii) analgesic, (viii) antispasmodic, and (ix) antibacterial agents [11] .
Antimicrobial resistance remains a crucial issue to be considered in the efforts for organizing and resolving the treatment of non-healing infections, such as DFU [12] . Multidrug resistance has been reported in Gram-negative and Gram-positive bacteria such as Pseudomonas aeruginosa, Acinetobacter sps, Enterobacteriaceae sps, and Staphylococcus aureus due to diverse resistance mechanisms. These mechanisms include enzymatic degradation of antibiotics, reduced permeability, efflux pump mechanisms, and modification of bacterial proteins (the target for antibacterial) [13, 14] . This necessitates the significance of alternative treatment strategies with much more efficiency than conventional antimicrobial agents to prevent plausible risk with dire financial consequences and life-threatening outcomes [15] . A few epidemiological studies have noted temporal changes in the frequency of resistance to a specific drug, when the amount of drug consumed in the community is deliberately reduced [16] . WHO has recently released the list of antibiotic-resistant ''priority pathogens" of 12 bacterial families and has pointed out for the urgent need of the development of new antimicrobial agents [17] . Thence, the present study has investigated the green synthesis and characterization of ZnO nanocomposite of Strychnos nux-vomica L (Loganiaceae) leaf aqueous extract and evaluated the antimicrobial potency against MDR clinical and ATCC bacterial strains. 
Material and methods

Materials
Preparation of S. nux-vomica leaf aqueous extract
The leaves were washed thoroughly with double-distilled water and were allowed to dry at room temperature. Dried leaves were tattered and ground in a blender to a coarse powder. Plant powder (20 g ) was heated with 100 mL of double-distilled water for 20 min at 60°C. The light yellow coloured solution formed during boiling was allowed to cool to room temperature. In order to obtain a clear extract, the mixture was filtered through Whatman No.1 filter paper, centrifuged and stored in the refrigerator until further use.
Biosynthesis of S. nux-vomica-ZnO nanocomposite
Different concentrations of S. nux-vomica leaf aqueous extract (20, 30 , and 40 mL) were added with 2 g of Zinc nitrate hexahydrate crystals and were allowed to dissolve using a magnetic stirrer. After complete dissolution of the mixture, the solution was vigorously stirred at 100°C for 2 h until the colour changed from light yellow to deep yellow. After cooling at room temperature, the mixture was centrifuged at 5000 rpm for 10 min, and a solid precipitate was obtained. The solid product was centrifuged twice at 5000 rpm for 10 min after thorough washing and heated at 60-80°C until the formation of deep yellow coloured paste. Annealing was carried out in a muffle furnace at 400°C for 2 h. The light yellow coloured material obtained was ground using a mortar to a fine powder, which was used for further characterization and antibacterial assays.
Characterization studies of S. nux-vomica-ZnO nanocomposite
The XRD analysis (PANalytical Empyrean Alpha 1, Netherlands) was carried out using Cu Ka radiation (1.5406 Å) of a 2h range of 20-80°; operating at 45 kV with a current of 30 mA to identify the structural information and crystalline phase. The average crystallite size was calculated using the Scherrer equation. Optical properties were analysed using UV-visible absorption spectroscopy (Varian Cary 5000, Palo Alto, California, USA). PL spectra of the samples were recorded using a fluorescence spectrometer (PerkinElmer LS55, Shelton, USA). Functional groups were identified using FTIR Spectrometer (Perkin Elmer-Spectrum Rx1, Shelton, USA) under identical conditions in the 400-4000 cm À1 region. The surface composition was analysed by XPS (AXIS-ULTRA, Kratos Analytical Ltd, UK). The morphology and size distribution of ZnO nanocomposite were characterized using HR-TEM with EDX (Jeol/JEM 2100, Tokyo, Japan) to confirm the presence of elemental zinc and oxygen. The data were analysed using Origin Pro 7.5 SRO software (OrginLab Corporation, USA).
Antibacterial assessment of S. nux-vomica-ZnO nanocomposite
The antibacterial activity of phytonanocomposite of ZnO was performed by the disc diffusion method [18] on Mueller-Hinton agar (MHA) as per the CLSI guidelines [19] . Whatman No.: 1 filter paper discs of 6-mm diameter were allowed to infuse with 200 and 400 mg/mL of ZnO phytonanocomposite dispersed in 20% dimethyl sulfoxide (DMSO) and kept at room temperature pending use. Bacterial suspensions were prepared in sterile saline (0.9% NaCl) by suspending overnight grown cultures on Columbia-based blood agar. The turbidity of bacterial suspension was adjusted to 0.5 McFarland standard and was evenly spread on MHA with a sterile cotton swab. Discs impregnated with ZnO phytonanocomposite, S. nux-vomica leaf aqueous extract, and bare ZnO nanoparticles were placed on inoculated MHA plates incubated at 37°C. Control antibiotics, vancomycin (30 mg/mL) and colistin (10 mg/mL) were used as positive control for Gram-positive and negative bacteria, respectively, and the disc infused in 20% DMSO was used as a negative control. The plates were incubated at 37°C for 24 h, the zone of inhibition of each well was measured, and the values were noted.
Statistical analysis
All the experiments were performed in triplicates, with the results being expressed as Mean ± Standard Deviation (SD) of three independent experiments. The means were statistically compared using One-way ANOVA followed by post hoc Dunnett's Multiple Comparison's tests using GraphPad Prism version 5. P < .05 was considered as statistically significant.
Results and discussion
XRD analysis of S. nux-vomica-ZnO nanocomposite
The XRD technique exploits the scattered intensity of an X-ray beam on the sample, thus providing information about the structural properties, physical, and chemical composition of the material studied. XRD pattern of ZnO phytonanocomposite synthesized from 20, 30, and 40 mL of S. nux-vomica leaf extract showed ( Fig. 1 ) Bragg peaks corresponding well to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), (2 0 1) and (2 0 2) hkl lattice planes of the hexagonal wurtzite structure (JCPDS Card no. 036-1451). Sharp and intense diffraction peaks indicated a high crystalline nature with a large particle size of bare ZnO nanoparticles [20] . However, in the case of ZnO phytonanocomposite, from different leaf extract volumes (20, 30 , and 40 mL) exhibited an ascending pattern of broad and low-intensity diffraction peaks, indicating a reduced crystallite size with a faulting in its nanostructure [21] . Mean crystallite size was also calculated from XRD peaks using Debye-Scherrer formula, D = 0.9k/b Cosh, where D is the average crystallite size, k is the wavelength of X-ray, b is full width at half maximum in radians (FWHM), and h is the Diffraction angle in radians. The obtained average particle size of ZnO phytonanocomposite was 31.18, 25.01, and 15.52 nm from 20, 30, and 40 mL of plant extract, respectively, and 69.85 nm for bare ZnO nanoparticles. XRD pattern of nanoparticles gave valuable structural information along with Debye-Scherrer calculation [22] . The above results clearly indicate that the optimal addition of plant extracts greatly influences the synthesis of ZnO nanocrystals with a reducing particle size. Various phytochemicals such as alkaloids, steroids, flavonoids, carbohydrates, glycosides, terpenoids, saponins, and proteins are acting as reducing and capping agents for the green synthesis of nanoparticles. This is in agreement with previous studies [23] . The concentration of leaf extract is effectively involved in controlling particle size when compared to bare ZnO nanoparticles.
Optical properties of S. nux-vomica-ZnO nanocomposite UV-vis spectroscopy is a technique that is used to characterize optical properties of nanoparticles. The absorbance of ZnO phytonanocomposite synthesized from S. nux-vomica plant extract of 20, 30, and 40 mL shifted to smaller wavelengths of 351 nm, 341 nm, and 335 nm (Fig. 2a) , respectively; the finding which is in line earlier report [24] . The absorbance of bare ZnO nanoparticles was approximately 353 nm (Fig. 2b) . The wavelength of absorption spectrum below 358 nm, indicated a strong blue shift in absorption spectra due to reduced particle size, lesser than bulk excitation of the Bohr radius, in accordance to the previous literature [25] . The direct band gap energy of green biosynthesized ZnO phytonanocomposite was calculated by Wood-Tauc's relation [26] . It was estimated to be 3.53 eV, 3.64 eV, and 3.7 eV, corresponding to 351, 341, and 335 nm, respectively. Increased band gap (Eg) is the effect of quantum confinement on nano regime. Moreover, direct optical band gap energy (eV) is inversely proportional to the particle size of nanoparticles [27] . On the basis of XRD data and UV-visible-absorption spectrum, ZnO phytonanocomposite from 40 mL plant extract exhibited least particle size and high band gap energy (15.52 nm, 3.7 eV) than that of 30 mL (25.01 nm, 3.64 eV), and 20 mL (31.18 nm, 3.53 eV) of S. nux-vomica plant extract. Since the previous study [28] has pointed out the enhanced biological effects of nanoparticles with reduced crystallite size, ZnO phytonanocomposite prepared from 40 mL of S. nux-vomica plant extract was analysed for further studies.
PL provides valuable information regarding the purity and quality of the crystallite structures. PL spectra of ZnO phytonanocomposite synthesized from 40 mL of S. nux-vomica plant extract exhibited the emission peaks at 421.5, 443, 458.5, 482, and 528.5 nm (Fig. 3a) . All the PL emission bands were in the visible light range, i.e., the deep level emission can be attributed to the structural defects of ZnO nanoparticles [29] . Emission peaks 421.5 and 443 nm in the range of violet-blue spectrum, indicated the presence of interstitial zinc (Zni). Blue-green emission at 458.5 and 482 nm can be ascribed to zinc vacancies (VZn). Green emission at 528.5 nm indicated singly ionized oxygen vacancies (VO) [30] . Thus, high-intensity PL emission bands in the range of the defect-oriented visible spectrum occurred due to faster and effective trapping of the photogenerated holes at the surface site, because of the high number of singly ionized oxygen vacancies and zinc vacancies. This indicates the presence of structural defects in ZnO nanocrystals, which may be responsible for its biological features [31] . Fig. 3b shows PL spectra for bare ZnO nanoparticles with low intense three emission bands (411, 461, and 480 nm) corresponding to broad deep-level (BDL) visible emissions, indicating zinc interstitial vacancies with low crystalline features.
FTIR analysis of S. nux-vomica-ZnO nanocomposite
The FTIR spectral analysis was conducted to identify the possible biomolecules responsible for the synthesis of S. nux-vomicaZnO phytonanocomposite. FTIR spectra of S. nux-vomica plant extract (Fig. 4a) flavonoids, amino acids, carbohydrates, tannins, and saponins in S. nux-vomica plant extract [32] . FTIR spectra of ZnO phytonanocomposite from 40 mL of S. nux-vomica plant extract (Fig. 4b) . This indicates the participation of soluble phytochemicals such as polyols, terpenoids, and proteins having functional groups of amines, alcohols, ketones and carboxylic acids, as reducing and stabilizing agents that aid in the formation of ZnO phytonanocomposite, preventing aggregation of nanoparticles in the solution [27] . The wide peak in the range of 530-420 cm À1 is characterized by zinc oxide and is associated with the stretching vibrations in Zn-O shown in the region of 434 cm À1 [33] .
XPS analysis of S. nux-vomica-ZnO nanocomposite
The wurtzite nature and the chemical purity of the S. nux-vomica-ZnO nanocomposite were confirmed by XPS analysis. Wide scan of XPS spectra shown in Fig. 5a exhibited Zn and O peaks and hence sustained the chemical purity of the surface of S. nux-vomica-ZnO nanocomposite. Fig. 5b and c showed the high-resolution XPS spectra of the elements Zn and O, respectively. Two strong peaks centred at 1021.19 and 1044.15 eV corresponding to the Zn 2p 3/2 and Zn 2p 1/2 are clearly observed in Fig. 5b . These values are in concurrence with the binding energies of Zn 2+ ion similar to the earlier reports [9] . The deconvolution of the O1s, which is ascribed to the O 2 À ions in the wurtzite ZnO structure, demonstrated four major peaks centred at 528.13, 530.20, 531.54, and 532.56 eV (Fig. 5c ). According to a previous study, they originated from surface defects and chemisorbed oxygen, respectively [30] .
TEM and EDX analysis of S. nux-vomica-ZnO nanocomposite
The transmission electron microscopic analysis was performed to study the morphology and size of the biosynthesized ZnO nanocrystals. TEM images of ZnO phytonanocomposite shown in Fig. 6a reported agglomerated quasi-spherical-shaped ZnO nanoparticles, with average size within a range of 10-20 nm. Particle size demonstrated in histogram data with a Gaussian distribution centred at hu particlei is $11.68 nm (Fig. 6b) . The Selected Area Electron Diffraction (SAED) patterns shown in Fig. 6c is of combined spotty ring pattern; indicating that synthesized nanoparticles are of highly multi-crystalline nature. The HR-TEM image at resolution of 0.5 nm (Fig. 6d) has focussed on single ZnO phytonanocomposite, revealing its reticular plans at the distance between 0.25 nm and 0.26 nm, equivalent to d (Å) and corresponding to hkl lattice planes of (1 0 1) and (0 0 2) of zincite hexagonal wurtzite structure (JCPDS-36-1451). This correlated with XRD pattern of S. nux-vomica-ZnO nanocomposite in agreement with previous study [34] . EDX analysis of green synthesized ZnO phytonanocomposite using S. nux-vomica plant extract showed high-intensity peaks of Zn element and low-intensity peaks of O, Cl, K, Ca, and C elements (Fig. 7) , which confirmed the presence of ZnO nanoparticles. The weak signals of other elements are due to presence of biometabolites in the plant extract, which is capped on the surface of ZnO phytonanocomposite [29] .
Antibacterial assessment of S. nux-vomica-ZnO nanocomposite
The antibacterial activity of biosynthesized S. nux-vomica-ZnO nanocomposite towards standard bacterial strains and clinical bacterial isolates from DFU tested by standard disc diffusion on MHA are summarized in Table 1 . Green synthesized ZnO phytonanocomposite exhibited significant antimicrobial activity against MDR clinical and ATCC bacterial strains, which was evaluated by a zone of inhibition in millimetre (mm). A maximum zone of inhibition was exhibited by S. aureus ATCC 29213 (22.33 ± 1.53 mm) and by MDR-MRSA (22.33 ± 1.16 mm), compared to plant extract and bare ZnO nanoparticles. A minimum zone of inhibition was observed against E. faecalis ATCC 29212 (about 12.33 ± 0.58 mm). However, green synthesized ZnO phytonanocomposite had more antibacterial potential than S. nux-vomica plant extract and bare ZnO nanoparticles. Enhanced antibacterial activity is due to the presence of soluble phytochemicals responsible for the medicinal properties of S. nux-vomica leaf demonstrated through FTIR analysis, acting as a precursor for the green synthesis of ZnO phytonanocomposite. FTIR spectral data of S. nux-vomica-ZnO nanocomposite also showed the presence of functional compounds of phytochemical compounds even after annealing at 400°C; proving the presence of plant compounds in ZnO phytonanocomposite, thus responsible for its antimicrobial effects (Fig. 4) .
Gram-positive cocci including MDR-MRSA, and S. aureus ATCC 29213 exhibited higher antibacterial potential than Gramnegative bacteria, based on the results of disc diffusion assay on MHA. Increased susceptibility of Gram-positive bacteria over Gram-negative bacteria could be related to differences in cell wall structure, cell physiology, metabolism or degree of contact [35] . Lipopolysaccharide (LPS) present in the cell wall of Gramnegative bacteria may resist the bactericidal action of ZnO phytonanocomposite than Gram-positive bacteria devoid of LPS. Above results can be correlated with similar results to the study of Qian et al. [36] on green nano formulation of ZnO Aloe vera, which also demonstrated higher antibacterial efficiency of Gram-positive cocci, S. aureus (17.55 ± 0.02 to 28.12 ± 0.26 mm) than Gramnegative bacilli E. coli (15.38 ± 0.07 to 26.45 ± 0.08 mm).
Several mechanisms have been reported for the antibacterial activity of nanoparticles. The reduced particle size of ZnO phytonanocomposite demonstrated through XRD pattern and UVvisible-spectroscopy, resulted in remarkable increase in the surface area favouring the generation of free excitons, leading to the production of Reactive Oxygen species (ROS) lethal to bacterial cells. Uneven edges and surfaces of S. nux-vomica-ZnO nanocomposite demonstrated as surface defects in PL spectroscopy on contact with bacterial cells also cause damage to its bacterial cell membrane [37] . ZnO nanoparticles can interact with membrane lipids and disorganize the membrane structure, which leads to loss of membrane integrity, malfunction, and finally to bacterial death [38] . ZnO phytonanocomposite may also penetrate into bacterial cells at a nanoscale level and result in the production of toxic oxygen radicals, which damage DNA, cell membranes or cell proteins, and may finally lead to the inhibition of bacterial growth and eventually to bacterial cell death [39] . Kairyte et al. [40] has also demonstrated the antibacterial activity of ZnO nanoparticles due to electrostatic interaction within bacterial cell wall and also by the production of reactive oxygen species, eventually leading to the destruction of bacteria by cell shrinkage, degeneration of the membrane and surface of bacterial cells.
Conclusions
The present study demonstrated the biosynthesis of ZnO phytonanocomposite using S. nux-vomica leaf aqueous extract. Soluble phytochemicals of the plant enabled the synthesis of ZnO phytonanocomposite as reducing and stabilizing agents. On the basis of XRD patterns and UV-visible spectroscopy, particle size can be controlled by optimal addition of plant extract volume. Structural and surface properties of S. nux-vomica-ZnO nanocomposite enabled remarkable bactericidal activity against MDR bacterial isolates as well as ATCC bacterial strains demonstrated through disc diffusion on MHA. Thus, antimicrobial assays of biosynthesized ZnO phytonanocomposite against tested bacterial strains proved to have significant antibacterial activity and remarkable bactericidal properties against MDR bacterial isolates from DFU, also enlisted as critical and high prioritized pathogens by WHO. However, further studies are necessitated to understand the mechanism of bactericidal activity and possible toxicity. 
